Abstract The increasing interest in studying cells using more in vivo-like three-dimensional (3D) microenvironments has created a need for advanced 3D screening platforms with enhanced functionalities and increased throughput. 3D screening platforms that better mimic in vivo microenvironments with enhanced throughput would provide more in-depth understanding of the complexity and heterogeneity of microenvironments. The platforms would also better predict the toxicity and efficacy of potential drugs in physiologically relevant conditions. Traditional 3D culture models (e.g., spinner flasks, gyratory rotation devices, non-adhesive surfaces, polymers) were developed to create 3D multicellular structures. However, these traditional systems require large volumes of reagents and cells, and are not compatible with highthroughput screening (HTS) systems. Microscale technology offers the miniaturization of 3D cultures and allows efficient screening of various conditions. This review will discuss the development, most influential works, and current advantages and challenges of microscale culture systems for screening cells in 3D microenvironments.
Introduction
Tissues and organs reside within a three-dimensional (3D) microenvironment that provides cells with the physical structure and various external stimuli that are necessary for various biological processes such as tissue regeneration, wound healing, and cancer initiation and progression [1] . However, for decades, cell culture, drug screening, and cytotoxicity studies have been done mostly using traditional two-dimensional (2D) culture systems, in which cells are cultured on a flat surface treated to promote cellular attachment. Although 2D culture systems are useful to study cell-cell interactions and cellular responses to biochemical properties of extracellular matrix (ECM) proteins, there are myriad interactions in tissues that are not completely recapitulated in 2D culture systems, such as cell-ECM interactions and cellular responses to physical properties (i.e., density and stiffness) of the ECM. For example, luminal mammary epithelial cells show polarized acini structures similar to those seen in vivo, and express milk proteins in response to lactogenic hormones when they are cultured in 3D laminin-rich gels [2] . In addition, inhibition of b1 integrins in 3D cultures of breast cancer cells changes the abnormal morphology of the cancer cells and their patterns of growth to a normal phenotype, whereas no effects have been observed in 2D cultures [3] . These examples demonstrate the dramatic difference between 2D and 3D culture systems, highlighting the importance of the 3D microenvironment. Even though the relevance of the 3D system has become more recognized, traditional 3D systems are not well suited to investigate the complexity and heterogeneity of 3D microenvironments. Accordingly, there has been an increase in the design, development, and utilization of more in vivo-like 3D culture systems with better functions, lower cost and labor, and enhanced throughput.
This review discusses the pros and cons of traditional and emerging microscale 3D in vitro systems and the practical applications of microscale 3D systems. The first section reviews traditional 3D culture systems, especially designed to overcome the limitations of traditional 2D in vitro systems. The second section reviews existing microscale in vitro 3D cell culture screening systems developed to increase the throughput capacity of the traditional 3D in vitro cell culture systems. The advantages and limitations of microscale 3D cell culture systems are also discussed in detail. Lastly, an analysis of current challenges for screening in 3D cell cultures is given. By providing a broad overview of current microscale technologies for 3D cultures, this review aims at highlighting the influence and impact of 3D cell cultures in biology and medical research, providing insight for future directions.
Macroscale 3D culture systems
Macroscale 3D culture systems were originally developed to culture large amounts of cells using more in vivo-like cell-cell and cell-matrix interactions. Macroscale assays typically utilize milliliters to liters of reagents in enclosed bioreactors or hundreds of microliters in multi-well plate formats. The 3D multicellular spheroid (MCS) model is a 3D macroscale culture system that has been developed to offer a higher similarity to real tissues than 2D cultures. For example, MCSs have shown growth kinetics similar to those found in tumors in vivo by decreasing the proportion of proliferating cells and increasing cell death and necrosis in the interior of the spheroid [4] . In addition, MCSs show enhanced differentiation similar to tumors found in vivo [4] . Some of the most commonly used 3D macroscale culture systems for creating 3D MCSs include: spinner flasks, rotating cell bioreactors, plates with non-adherent surfaces, and natural and synthetic matrices (Fig. 1) .
Spinner flasks were first developed by Sutherland in the 1970s for culturing large amounts of 3D MCSs [5] . By continuously stirring the cell suspension with an impeller, cells in spinner flasks are allowed to grow and form MCSs, while preventing cell attachment to the surface [6, 7] . However, a drawback of the spinner flask culture is that cells are subjected to sheer stress by the spinning impeller, which may disrupt the integrity of the spheroids and alter cell physiology. To address this limitation, in 1992 the Fig. 1 The most commonly used 3D culture systems fall within four categories: natural and synthetic matrices, spinner flasks, rotary reactors, and non-adherent plates NASA developed a rotating cell bioreactor to mimic microgravity and exert low sheer stress on the cells [8, 9] . Low sheer stress was achieved by rotating the chamber containing the cell culture, instead of stirring the culture suspension. Although large numbers of 3D spheroids can be obtained using spinner flasks and rotating cell bioreactors, major limitations of both systems are the variety of number of cells per spheroid, meaning the size of the spheroids cannot be controlled, and the slow rate of the MCS formation (typically hours or days). The variance in the number of cells per spheroid can be critical for drug screening applications where cell proliferation or cell death is monitored. Moreover, MCSs of different sizes may exhibit different drug resistances due to differences in the penetration of the drug, and thus affect the outcome of the screening.
The control of the size and formation rate of MCSs was first achieved by loading approximately the same number of cells into each well of multi-well plates, which have been treated to have non-adherent surfaces to prevent the attachment of cells to the surface while promoting cell-tocell attachment to form MCSs. For example, Ivascu et al. [10] formed 3D MCSs by coating 96-well plates with a non-adherent polymer (0.5 % poly-HEMA), and adding a specific number of cells to each well. Next, the 96-well plate was centrifuged to stimulate the aggregation of all the cells at the bottom of the well. Using this method, tumor spheroids of homogenous sizes and morphologies were obtained within 24 h, thus providing a faster alternative to spinner flasks and rotating cell bioreactors. Natural polymers such as 1-1.5 % agarose, instead of poly-HEMA, are also used to coat plates and create MCSs aggregates because cells typically do not adhere to agarose [11] [12] [13] .
Unlike previous methods in which MSCs are generated in liquid environments and have minimized interactions with any substrates, MCSs are also generated within ECM gels (3D embedded) or on top of the ECM gels (3D ontop). For the 3D embedded method, cells are mixed with ECM solutions followed by the polymerization of the ECM solution. For the 3D on-top method, cells are placed on top of the polymerized ECM gels [14, 15] . Both methods allow enhanced interactions with ECM gels; thus, cells embedded in natural matrices such as collagen I and Matrigel Ò have shown different morphologies and behaviors depending on the composition and mechanical properties of matrices [16] . For example, mouse mammary epithelial cells cultured on collagen floating gels (i.e., softer) with added hormones showed an increased production of milk proteins, similarly to the epithelial cells found in vivo. This result was not obtainable from the attached collagen gels (i.e., stiffer) of same density [17] . In addition to the mammary epithelial cells, it has been reported that chondrocytes differentiate into cartilaginous nodules, endothelial cells into capillary-like structures, and salivary glands into acinar-like structures when cultured in 3D Matrigel Ò [18] . Although natural matrices help recreate the in vivo environment better by providing cells with the geometry, chemistry, and signaling cues found in vivo, batch-to-batch variation and limited modification of chemical and mechanical properties are considered major limitations for obtaining consistent and reproducible outcomes [19] . Synthetic matrices offer more defined properties than natural matrices by controlling adhesive moieties, proteolytic sites, and the mechanics of the material more precisely. For example, by increasing the pore size and decreasing the mechanical strength of chitosan hydrogels, the exchange of nutrients and waste is enhanced, and cell proliferation is improved [20] . Another method is to functionalize polyethylene glycol diacrylate (PEGDA) gels with RGDS (ArgGly-Asp-Ser) adhesion peptide moieties to culture human Mesenchymal Stem Cells (hMSCs) and to examine the effect of the RGDS adhesion peptides on hMSC viability and chondrogenic differentiation [21] . Other common synthetic matrices utilized for 3D cell culture include polyethylene glycol (PEG), polylactic acid (PLA), polyglycolic acid (PGA), and the synthetic matrix peptide PuraMatrix [22] [23] [24] .
The need for microscale 3D culture screening systems Although traditional 3D culture systems have helped to bridge the gap between 2D culture systems and more biologically relevant tissue samples, the high costs associated with the reagents needed for traditional 3D culture have hindered the widespread use of these systems. Microscale 3D culture systems provide a more cost-effective alternative to traditional 3D culture systems by significantly reducing the amount of materials, reagents, and cells needed for an assay. For example, one data point in a microscale system requires approximately 2-15 lL of sample, whereas a traditional 3D culture cellular assay (96-well plate) requires a minimum of 50-100 lL. Therefore, a 7-to 25-fold increase in saving reagents can be obtained using 3D microscale systems compared to traditional 3D culture systems. This significant decrease in the volumes of reagents and the number of cells required per assay makes microscale 3D culture systems attractive and convenient for drug screening applications and for the testing and identification of hundreds of compounds in more in vivolike conditions. In particular, the ability of microscale 3D culture systems to reduce total costs while increasing experimental conditions is particularly useful for analysis of rare cells such as primary cells isolated from patient biopsies. Patient samples are also limited and difficult to examine using traditional culture systems when only a small amount of cells are available. Some microscale 3D culture systems can provide better spatial and temporal control over traditional 3D cell cultures by patterning cells and ECM gels within a single channel to create more in vivo-like tissue structures. Therefore, the power of microscale 3D screening systems to examine more experimental conditions with fewer cells shows promise to provide a more comprehensive understanding about the complexity and heterogeneity of microenvironment.
Microscale 3D culture screening systems
Current microscale 3D screening systems can be classified into four main platforms: hanging drop plates, microwell plates, cellular microarrays, and microfluidic devices (Fig. 2) . First, the hanging drop plate was the first microscale 3D culture system developed, and is still widely applied to generate hundreds of 3D embryonic bodies, tumor spheroids, and cultures of bacteria in confined liquid environments. Second, microwell plates are an adaptation of the traditional well plate formats, with the added advantage of reduced well size to manipulate 3D spheroid size and shape. Third, cellular microarrays are based on spotting technology developed for DNA and protein microarrays. Cellular microarray technology allows the deposition of hundreds, sometimes thousands, of materials on a flat surface, and the examination of cells under multiple culture conditions. Last, microfluidic devices allow a more controllable culture by manipulating the flow of liquids and the precise placement of cells within geometrically confined microchannels.
Each of these microscale 3D culture systems is designed to address specific limitations of traditional 3D culture systems. The next section includes a detailed discussion of these microscale 3D culture systems including their advantages and limitations, which are also summarized in Table 1 .
Hanging drop plate
The hanging droplet plate was developed over a century ago by Harrison to create 3D MCSs [25] . This simple method consists of depositing drops of a cell suspension onto a well plate, inverting the plate, and allowing the cellcontaining drops to hang in place via surface tension. The cells inside the hanging drop aggregate at the tip of the drop and form tight cell-cell adhesions that lead to the formation of 3D cell spheroids. In this method, spheroids must be hand-picked or pulled through nylon mesh sieves to obtain uniformly sized spheroids [26] . Also, the 3D spheroids could not be cultured over a long period of time (less than several days) because of the challenges associated with replenishing the media and the nutrients [6] . The process was laborious but often yielded useful results.
Recently, hanging drop systems have become more efficient. Tung et al. [27] have developed a 384-well plate with access holes on the top surface of the plate that allow the removal and addition of fresh media to the hanging drops. Using this platform, media are exchanged and spheroids are able to proliferate over 7 days of culture [27] . Moreover, the exchange of fluids using this platform allowed the addition of drugs to screen for drug toxicity and anti-proliferative effects on cells [27] . Another limitation of the hanging drop method is the low stability of the droplets towards mechanical shocks and plate movement. To address this limitation, micro-ring structures were added to the 384-well plate to stabilize the droplets against mechanical perturbations and extend spheroid culture time for up to 22 days [28] .
There are two other limitations that still remain unaddressed. First, hanging drop plates can only support the formation of small 3D spheroids inside droplets less than 50 lL in size due to the instability of heavier and larger drops. Second, the lack of ECM molecules in the hanging drops does not provide cells with additional biochemical cues and cell-ECM interactions that naturally occur in vivo, thus decreasing the biological relevance of the assay. Recently, in attempts to address this limitation 3D spheroids were collected from hanging drop plates and transferred to plates with ECM proteins. However, the transfer of spheroids can be time consuming, and their manipulation can damage their integrity [11] . Alternatively, Truong et al. [29] introduced a microinjection method for culturing 3D spheroids inside collagen gels to circumvent the transferring step.
Microwell plates
Microwell plates are commonly fabricated using micromolding techniques on non-adhesive, inert materials such as PEG, chitosan, polydimethylsiloxane (PDMS), polyacrylamide, or agarose [6, 30, 31] . After microwells are fabricated, a cell suspension is added to the wells, and cells are allowed to settle down on non-adhesive wells via gravity. Cells that remain outside of the microwells are gently washed away, and only cells that docked in the wells remain for culture to form MSCs. For example, a microfabricated chip with multicavities coated with PEG was developed to culture thousands of HEPG2 spheroids of uniform diameter for over a month [32] . This system allowed the collection of spheroids and their culture media to further quantify the secretory activities of three proteins necessary for proper liver function: alpha-fetoprotein, albumin, and fibrinogen [32] . More recently, newer designs have been used to manipulate the shape of 3D cell constructs. For example, agarose and chitosan microwells of different shapes were used to generate cellular constructs in the shape of rods, tori, and honeycombs [33, 34] . Controlling the 3D geometry of cell constructs showed to be particularly advantageous for increasing the size of the construct while maintaining an adequate diffusion of nutrients along the structure. The high stability and compatibility of microwell plates with traditional well plate formats and microscopes make them more attractive for high-throughput screening (HTS) applications than the hanging drop platform. One example of a screening application utilized a hexagonal honeycomb microwell plate previously fabricated from a Polymer Live Cell Array (PLCA) to culture 3D spheroids of MCF7 breast cancer cells and to screen for antitumor drugs [35, 36] . In addition to providing separate wells where the 3D spheroids could be cultured, the hexagonal microwell plate allowed for the treatment of the 3D spheroids with two anticancer drugs. More importantly, the multiwell plate was equipped with a glass bottom surface that permitted the continuous monitoring of spheroid growth and the cytotoxic effect of the drugs without removing the spheroids or their media from the culture wells [36] .
Although both microwell plates and hanging droplets are capable of controlling the size and shape of MSCs, added advantages of microwell plates over the hanging drop method are that microwell plates enable a longer culture, an easy collection of the spheroids and their culture media for post-culture analysis, and are more compatible with imaging systems for the continuous monitoring of cell culture and spheroid formation.
Cellular microarrays
Cellular microarrays are fabricated using contact and noncontact printing techniques previously utilized in DNA and protein microarrays [37] [38] [39] . The advancement in robotic spotting and microprinting technologies introduced cellular microarrays as attractive screening platforms for incorporating ECM molecules in cell cultures and for identifying key cell-biomaterials and cell-ECM interactions. Using these technologies, thousands of adhesive patterns of natural or synthetic polymers can be deposited on nonadhesive surfaces (i.e., glass, PEG, PDMS) to conduct 3D on-top or 3D cell-embedded cultures [6, 40] .
To achieve the 3D on-top culture in cellular microarrays, a cell suspension is added to the ECM patterned surface, and cells are allowed to interact with that surface. After the cells have adhered to the patterns, the microarray is washed and non-attached cells are washed away. A variety of synthetic and natural materials have been used to pattern cellular microarrays for 3D on-top cultures. Previously, glass substrates coated with PEG gels were used to create a 100 9 100 cellular microarray of hepatocyte cells co-cultured with endothelial cells [41] . Using this PEG microarray, hepatocytes retained their liver-specific functions and were able to secrete albumin for up to a month, thus demonstrating the utility of the microarray for modulating cellular behavior [41] . Additionally, blends of biodegradable polymers such as PLGA/PCL and PLLA/ PDLLA were used to present smooth muscle cells and osteoblasts with gradients of different surface roughness and to screen for differences in cell proliferation [42, 43] .
Natural materials have also been used to study cell-ECM interactions in 3D on-top cultures. For instance, human liver cells and epithelial cells were previously cultured on collagen type I and Matrigel Ò microarrays, respectively [44, 45] . In 2005, Flaim et al. [46] utilized a combinatory approach to study the effect of 32 combinations of five ECM molecules (collagen I, collagen III, collagen IV, laminin and fibronectin) on mouse embryonic stem cell differentiation. The effect of growth factors on stem cell differentiation was later examined with the addition of gasket well structures around the cellular microarray platform [47] . More recently, a screening with 192 combinations of five natural ECM molecules such as collagen I, collagen IV, laminin, RGD, and Matrigel Ò has suggested that progenitor cell fate decisions are influenced by their microenvironment [48] .
3D cell-embedded cultures in cellular microarrays are prepared by mixing cells with a gel of interest (i.e., alginate, collagen, Matrigel Ò ), and depositing the cell-gel mixture on surfaces. One particular advantage of alginate over other matrices is that alginate remains as a liquid in the absence of multivalent cations (e.g., Ba 2?, Ca 2? ), and a three-dimensional lattice of ionically cross-linked alginate can be formed upon being deposited on Ca 2? or Ba
surfaces. This is particularly useful during microarray fabrication due to the constant pipetting, spotting, and mixing steps that require a liquid cell suspension. Fernandes et al. [40] developed a 3D cell-embedded microarray by spotting a solution of BaCl 2 on a glass slide, and depositing human pancreatic tumor cells mixed with alginate on the BaCl 2 spots. However, some materials such as collagen spots degrade more quickly in cellular microarrays perhaps due to matrix metalloproteinases produced by cells in culture, and often result in cells leaching of the collagen spots [49] . Cellular microarray technologies are continuously evolving, and promise to be an influential platform for high content screening and identification of molecules and drug candidates. For example, a 3D on-top cellular microarray of 768 combinations of ECM molecules has been reported recently for the identification of ECM-integrin interactions in tumor-derived cells [50] . Also, a 3D cell-embedded alginate microarray was used to screen for the anti-proliferative effects of four drugs on human hepatocellular carcinoma [51] . However, one remaining limitation of cellular microarrays is that, in general, only one type of soluble formulation (i.e., medium, drug formulation) can be added to the patterned surface. Previous work has utilized wells to separate cells within a group of spots to treat different cells with different growth factors [47] . However, ECM spots within that group still shared the same soluble formulation. Therefore, cellular microarrays can be particularly unfavorable for cell signaling studies, as cross talk between samples can occur.
Microfluidic devices
The introduction of microfluidics to the biological sciences has provided additional microscale screening platforms to enable the individualized treatment of cells with different soluble and drug formulations within a single array. For example, a microfluidic 3D hepatocyte chip (3D HepTox Chip) with multiplexed channels was utilized to allow the simultaneous administration of multiple drugs and dosages to hepatocyte cells [52] . Using this microfluidic platform it has been reported that cells in 2D and 3D conditions show a significant different response to certain drug treatments, highlighting the value of 3D microfluidic systems for drug screening applications [53] . Other microfluidic systems have been developed to simplify their operation and make the loading and analysis process more compatible with existing HTS infrastructures. For instance, tubeless microfluidics using passive pumping offers a simplified 3D screening system. Using surface tension-driven passive pumping, samples are loaded into each microchannel with a pipette that touches off drops on the microchannel's port surfaces without the need of any connectors, pumps, or cables [54] . A 3D screening system operated by passive pumping has been fully automated and applied to various 3D screening experiments. Previous works have demonstrated that tubeless microfluidic devices can be used to culture human mammary fibroblasts (HMF) and T47D carcinoma cells with collagen gels, and to screen for the effect of stromal cells and seven combinations of three different ECM molecules on T47D cell proliferation [55, 56] . The automated microfluidic platform was also utilized to perform small molecule screening and to identify the influence of different paracrine mediators on cells isolated from different patients [55, 57] . These microfluidic systems demonstrate increased capabilities for cell culture and treatment than other microscale systems such as hanging drop plates, microwell plates, or cellular microarrays. Their ability to culture cells with different ECM molecules and treat cells with different drug formulations per assay makes microfluidic devices more attractive for HTS of many compounds and drugs.
Microfluidic devices also provide enhanced spatial control by creating distinct compartments within a single channel to enable the recapitulation of in vivo-like tissue organization. Sudo et al. [58] presented a compartmentalized system to co-culture primary hepatocytes and endothelial cells in a microchannel. In this system, the compartments containing hepatocytes and endothelial cells are separated by a blank collagen gel, allowing the physical separation of both cell lines and the exchange of secreted proteins across the collagen gel. Using this microfluidic device it was found that endothelial cells on one side of the microfluidic device are able to form 3D capillary-like structures that extended through the collagen gel towards the hepatocytes [58] . Compartmentalized co-cultures in microfluidic devices can also be used to investigate the effect of stromal cells during the invasive transition of ductal carcinoma in situ (DCIS) in breast cancer. For instance, a compartmentalized culture in which cancer cells and stromal fibroblasts are loaded in separate but adjacent compartments have interestingly revealed that the transition is dependent on the distance between the two cell types, and also that the physical contacts between the two cell types are necessary to fully facilitate the transition [16] . These results demonstrate that the spatial control offered by microfluidic devices during cell culture can be particularly beneficial for studying paracrine signaling and the influence of physical contacts between different cell types.
Microfabrication allows the integration of geometrical confinement inside channels to control fluids and trap cell suspensions in specific regions. For example, an array of micropillars within a microfluidic device has been fabricated to immobilize cells to a specific region of the microchannel and to increase cell-cell interactions [59] . A similar microfluidic device is being utilized to culture hepatocytes in 3D without natural or synthetic matrices by trapping the cells between micropillars, and continuously flowing media through the microchannel [60] . Others have designed microfluidic devices to create vascular networks in 3D gels by confining cells in specific regions within a 3D gel. One example is a vascular network developed by Tuong et al. where cells are embedded in a collagen matrix and confined to specific regions with perpendicular fluid flows that mimic in vivo interstitial flows near vascular vessels [61, 62] . Another example utilizes carbohydrate glass pillars embedded in 3D ECM gels containing cells that dissolve via the addition of cell culture media. Lumen-like networks are formed within the 3D gel after network dissolution, and endothelial cells are injected into the vascular structure to line up and create vessel-like structures. The resulting multicellular vascular network can be perfused with a culture medium under high pressure through the vascular structure to mimic vascular vessels with active flow [63] . By controlling fluids and location of cells, these microfluidic devices are great tools for creating well-defined compartments for each cell type within a microfluidic channel that can ultimately be used to resemble more complex in vivo-like organizations helping increase the relevance of 3D cultures systems. The microfluidic systems with micropillars have also simplified the operation process, enabling compatibility with existing HTS infrastructure.
Microfluidic devices offer greater control over the generation of chemical gradients in 3D cultures. The diffusion of molecules becomes more controllable in microsystems due to the scale of the system and the ability to control the shape, length, and material of channels, allowing accurate control of the gradient [64] . Several microfluidic systems have been developed to create gradients of epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), and netrin-1 in collagen gels to examine brain cancer cell migration [65] , angiogenesis [66] [67] [68] , and neurite cell guidance [69] , respectively; and to investigate the synergetic effect of multiple growth factors on sprouting angiogenesis [68, 70] . Taken together, these microfluidic systems have shown to be useful for generating chemical gradients and controlling cellular processes such as cell migration and proliferation. More importantly, the generation of gradients with microfluidic devices shows promise for investigating specific mechanisms involved in wound healing, cancer progression, and angiogenesis.
Other microscale 3D culture systems Recently developed 3D microscale culture systems continue to introduce new materials and integrate more control and function to investigate broader topics in biology using even more practical approaches. For example, Derda et al. [71] introduced a new microscale 3D screening platform made from stacks of paper. This paper-based system called ''cells-in-gel-in-paper'' (CiGiP) allows stacking and destacking of layers of papers to better analyze characteristics of generated 3D spheroids. Using this paper-based 3D culture platform, Derda et al. [71] found that proliferating cells are located in the outer layer, whereas growth-arrested or necrotic cells are concentrated in the core, which correlates with patient tumor biopsies. The paper-based 3D culture platform also allows the study of 3D cell migration of cells labeled with different fluorescent markers [72] . A 96-zone holder has recently been added to this platform to allow each tissue to be separated from neighboring wells, and to treat cells with a soluble toxic compound [73] .
Magnetic cell levitation has also been applied to place cells labeled with magnetic nanoparticles into a spheroidlike configuration in collagen gels using a magnet [74] . This method is very simply operated and provides good control over cell density and cell-cell interactions, and enhanced monitoring of cell morphology. This method is also used to co-culture cancer cells with stromal fibroblasts, by creating MSCs containing both cell types and demonstrates that coexistence with stromal fibroblasts affects cancer cell invasion [75] . Souza et al. [76] also utilized a magnetic force system based on the cellular uptake of bacteriophage and magnetic iron oxide (MIO) nanoparticles to levitate cells in culture. Using this method, they showed that magnetically levitated glioblastoma cells produce similar protein expression patterns to xenografts.
Additional examples of microscale 3D culture platforms include microinjection of cells into 3D ECM scaffolds, microencapsulation of cells in alginate-poly-L-lysine-alginate (APA) capsules, and generation of PDMS microbubbles. The microinjection method consists of an automated needle that injects cell-polymer suspensions into polymerized collagen gels, thus allowing the cells to assemble into spheroids inside the gels. In addition to providing an automated platform for higher throughput screening, this method has showed benefits in terms of providing a faster generation of 3D spheroids, producing spheroids of homogeneous size, and controlling the spatial distribution of the spheroids [29] . Microencapsulation methods are also being explored for 3D cell culture applications. For example, Zhang et al. [77] utilized microcapsule generation technology to produce microcapsules made of alginate-poly-L-lysine-alginate (APA) for growing tumor spheroids inside the microcapsules. This technique allowed the screening of several chemotherapy drugs, and demonstrated the potential to be a rapid screening tool for 3D cultures [77] . The microfabrication of PDMS microbubbles via low surface energy Gas Expansion Molding (GEM) also showed promises as a screening tool for 3D cultures. Previously described for cell sorting applications, and later on applied to the generation of 3D colon tumor spheroids, PDMS microbubbles provided the means for growing 3D spheroids under physiological flow conditions [78, 79] . Moreover, a toxicity test showed that 3D colon tumor spheroids are more resistant to drugs when cultured inside PDMS microbubbles than spheroids cultured under static conditions [79] . These results suggested that the microbubble and flow conditions might be a better tumor model than static culture models.
Challenges of microscale 3D screening platforms
As we have discussed, 3D cell cultures have proved to be better in vitro models for recapitulating the in vivo environment compared to 2D cell culture systems. They have also increased our understanding of multiple autocrine and paracrine signals, and cell-ECM interactions found in vivo. In addition, microscale 3D screening platforms have advanced the capabilities of traditional 3D screening platforms by adding more functions while reducing the amount of reagents and cells significantly. However, as the biological relevance of 3D culture platforms keeps increasing with the addition of components such as stromal cells, growth factors, chemokines, hormones, and ECM molecules, the complexity of the system increases and presents several challenges that need to be considered.
First, as we strive to recapitulate the cellular microenvironment better, more specialized equipment may be needed. For example, better control over fluid flow, mechanics, and 3D morphology may require additional compartments, pumps, and connectors. These components are often cumbersome and require trained personnel for operation. Moreover, the addition of more components increases the volume of the system and makes their incorporation into higher throughput screening systems difficult. Therefore, special consideration must be taken before designing 3D culture methods to maintain a simple system operation, and to ensure their seamless incorporation into traditional highthroughput screening (HTS) infrastructures. Along this line, Tung et al. and Montanez-Sauri et al. designed a hanging drop plate and a tubeless microfluidic platform for 3D cell cultures that were compatible with existing liquid handling robots and fluorescent microplate readers to demonstrate the feasibility of their systems as HTS platforms [27, 55, 56] .
Second, generation and collection of data from 3D microscale screening platforms can be challenging. Most imaging systems with enhanced throughput such as automated imaging systems and scanners were originally designed for 2D cell cultures that can be imaged on a single focal plane. This can be troublesome for imaging cells seeded on non-adherent surfaces or embedded within 3D gels because cells usually lie on multiple focal planes. In addition, spheroids generated with the hanging drop method usually need to be transferred to a different plate for their analysis, which is laborious and not favorable for screening. Microfluidic devices have partly addressed these limitations by allowing the culture and imaging of cells within the device, and providing smaller compartments where cells can remain within a short distance from each other. Also, because the thickness of gels in microfluidic channels is much thinner, there are fewer variations along the z-axis. In addition, image analysis algorithms such as JeX (http://jexperiment.wikidot.com), CurvePrep, and CurveAlign (http://loci.wisc.edu/software/curvelet-basedalignment-analysis) have been developed and are currently available for data processing and automated quantitative analysis of 3D culture data. The use of this software will make the microscale 3D screening platform more compatible with the HTS approach by reducing time and effort required for post-culture analysis.
Third, common methods for analyzing cellular response to certain treatment or condition in 3D cultures are generally restricted to the immunocytochemistry (ICC) assay. Although the ICC assay can provide information regarding the localization, concentration, and activation of biomolecules, the quantification of fluorescent signals is often interrupted by background signals and non-specificity of primary or secondary antibodies. Therefore, conventional biochemical assays (i.e., ELISA, western blots, qPCR) need to accompany the ICC assay analysis. Recently, Berry et al. developed an efficient sample isolation method, the Immiscible Phase Filtration Assisted by Surface Tension (IFAST) technology, for gene expression analysis [80] . The IFAST technology relies on immiscible phase filtration to reduce the time and effort required to purify DNA. IFAST replaces the multiple wash and centrifugation steps required by traditional DNA sample preparation methods with a single step and has been successfully integrated with a compartmentalized co-culture microfluidic system. Using the integrated system, the mRNA from co-cultures of MCF-7 and HS-5 cell co-cultures are extracted and purified, and the expression of estrogen receptor alpha (ERa) can be quantified [81] . Also, microfluidic devices have been coupled with mass spectrometers to enable small molecule [82] , proteomic [83] and glycomic studies [84] . However, all these quantitative analysis methods have been applied to 2D cell cultures, and still need to be validated for 3D cell cultures.
Conclusions and Future remarks
In the last century, 2D cell cultures proved to be useful for culturing cells in vitro and for the development and testing of new drugs. However, not all drugs identified in 2D culture drug screenings are fully developed after clinical tests [85] . This might be due to the differences in drug resistance between 2D cultures used in the drug screening systems, and the 3D nature of cells in vivo. In fact, studies have demonstrated that cells grown in 3D cultures exhibit greater resistance to drugs compared to cells cultured in 2D possibly due to different levels of oxygenation in 3D cell clusters and changes in integrin-based signaling in 3D conditions [86, 87] . In addition, some microfluidic 3D systems have shown in vivo-like cellular arrangement as well as functions by utilizing channel geometry and the physical attributes of microsystems. It has been shown that microfluidic systems allowed the regeneration of in vivolike endothelial barrier functions such as permeability [88] . Therefore, several 3D cell culture systems have evolved during the last decade as alternatives to 2D culture systems to provide cells with increased cell-cell and cell-ECM interactions that are more similar to those found in tissues.
Increasing interest in performing 3D cell culture and drug screening in 3D systems has stimulated the commercialization of 3D culture platforms. One hanging drop plate called Perfecta3D
Ò is commercially available from 3D Biomatrix, for the culture of 3D MCSs in 96-and 384-well plate formats. Platypus Technologies has also developed a 3D Invasion Assay known as Oris-Pro TM to quantify the migration of cells cultured in 3D collagen gels. Other companies such as Scivax, The Lab Depot, Inc., and Reinnervate are distributing well plates known as NanoCulture Ò Plate, CELLTREAT, and Alvetex Ò , respectively, which contain synthetic materials that stimulate the aggregation of cells into MCSs via non-adherent surfaces. Iuvo TM microfluidic devices that use passive pumping for loading cells and reagents into microchannel arrays are commercially available as well through BellBrook Labs, which use HTS to study the 3D migration of cells through collagen gels.
As more microscale 3D culture systems are developed, their potential for newer applications continues to emerge. The ultimate goal of creating more biologically relevant assays may be achieved using ''organ-on-a-chip'' systems that incorporate organ-level functions into 3D culture platform where cells from different tissues can interact with each other. Multiple microscale culture systems have been reported that mimic tissue functions such as liver [89] [90] [91] , blood vessels [92, 93] , lung [94, 95] , heart [96, 97] , muscle [98] kidney [99] , and bone [100] , among others. Another promising future direction for 3D microscale systems and organ-on-chips will be the inclusion of stem cells or inducible pluripotent stem (iPS) cells into the culture, and the ability to differentiate these cells along specific lineages within the 3D system. Although the utilization of iPS cells is still in its infancy, including them in 3D culture systems will increase the biological relevance of the system and the predictability of drug performance, while decreasing the use of the ethically questionable embryonic cells.
It is true that there are still many remaining questions that need to be addressed to fully utilize 3D microscale systems as HTS platforms in industry. However, 3D microscale systems do offer a powerful alternative to current 2D or 3D traditional macroscale culture systems by enhancing biological relevance and increasing throughput. In addition, using unique functions and capabilities offered by microtechnology, researchers are able to reveal new mechanisms that have been challenging to accomplish with traditional macroscale systems. As researchers aim to develop more complex in vivo-like systems, more questions are raised regarding whether we indeed need more in vivo-like screening platforms and how complex the system could be. It is clear that both simple and complex systems are useful depending on the end goal of screening. If the goal of screening is at the early stage of drug development focusing on the identification of drug targets, simple systems could be more useful to investigate cellular level interactions. However, for more advanced screening such as drug toxicity and efficiency, it may be critical to incorporate more in vivo-like structures and functions. The continued development and integration of microscale in vitro systems, 3D biology, and drug screening will facilitate the identification and validities of new drugs and therapeutics.
